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CHAPTER 1

INTRODUCTION

1.1! Attenuation in bacterial gene expression
Bacterial metabolism is finely controlled by the regulation of gene
expression. This allows bacteria to adapt to changes in the external environment. Genetic
information in the form of deoxy ribonucleic acid (DNA) is transcribed to messenger
ribonucleic acids (mRNAs), which are then translated into proteins. Translation (protein
synthesis) is a process constituted of three steps, initiation, elongation and termination.
These three steps occur consecutively and a means of gene regulation is through affecting
the rate of each step. In bacteria, where genes are accommodated in transcriptional units
called operons, transcription is coupled to translation allowing for regulation of
transcription through translation control. The presence of a transcription terminator in the
leader region of several bacterial genes leads to the termination of transcription under
specific conditions. This results in the synthesis of a truncated mRNA transcript that does
not contain the downstream section of genes and only the protein coded by the leader
region is translated. This event named attenuation reduces transcription by 8~10 fold. A
few examples of operons where attenuation occurs are the trp, phe, leu, ilv and his
operons (Yanofsky 1981). All of these operons control transcription through attenuation
1

that involves a translation step. An example is attenuation at the his operon. There are
seven consecutive histidine codons in the leader peptide. In paucity of charged histidyl
tRNAs. ribosomal arrest occurs in the vicinity of the seven histidine codons which results
in the consequent formation of E:F attenuator step loop structure. In abundance of
histidyl tRNAs an alternative secondary structure forms which permits transcription of
downstream genes (Figure 1.1) (Blasi and Bruni 1981, Chevance, Le Guyon et al. 2014).

2

Figure 1.1 Attenuation regulation of the his operon. Panel A) In a shortage of histidyl
tRNAs, ribosomes arrest and the mRNA forms an attenuator which arrests transcription
of downstream genes. Panel B) In the presence of high levels of histidyl tRNAs,
translation terminates at the stop codon and downstream genes are transcribed.
(Chevance, Le Guyon et al. 2014). Used with permission.
1.1.1! The expression of the tna operon
The tryptophanase (tna) operon consists of a transcribed leader region that is
312 base pair (bp) long (Gong, Cruz-Vera et al. 2007). This region codes for a 24 amino
acid leader peptide named TnaC. Following the leader region is a 220 nucleotide (nt)
long spacer region with a Rho transcription termination site, and two structural genes
tnaA and tnaB (Deeley and Yanofsky 1981). tnaA codes for the enzyme Tryptophanase
which is 475 peptides long, while tnaB codes for a L-tryptophan (L-Trp) specific
transporter termed L-Trp permease (Gong and Yanofsky 2001). Tryptophanase breaks
3

down L-Trp into indole, pyruvate and ammonia (Happold 1950). The tna operon
expression is controlled by an attenuation mechanism. Under conditions with low L-Trp,
translation of tnaC terminates at its UGA stop codon. Consequently a rut site is exposed
allowing the Rho factor to bind and terminate transcription prematurely (see Figure 1.2,
panel 1). In conditions with inducing levels of L-Trp, translation termination arrest takes
place at tnaC and the rut site is not available for the action of Rho. This anti-termination
mechanism allows the transcription of the downstream genes tnaA and tnaB (Deeley and
Yanofsky 1981) (see Figure 1.2, panel 2).

Figure 1.2 Diagrammatic representation of tnaC induction mechanism. 1) Under non
inducing levels of L-Trp, attenuation take place and translation terminates at tnaC which
results in transcription termination. 2) Under inducing levels of L-Trp, translation
termination arrest at tnaC results in antitermination allowing transcriptional read through
4

to the downstream genes tnaA and tnaB (Gong and Yanofsky 2002). Reprinted with
permission.
1.1.2! The mechanism of inhibition of translation termination at the tnaC gene
Mutational analyses have shown that the L-Trp induction mechanism is
dependent on the nature of the TnaC peptide (Cruz-Vera, Rajagopal et al. 2005). Changes
in the residues at positions 12, 16, 19 and 24 inhibit the function the TnaC peptide. CryoEM analyses and biochemical analyses show that these residues are located in the first
section of the ribosomal exit tunnel (Cruz-Vera, Rajagopal et al. 2005). It has been
suggested that an L-Trp molecule binds close to I19 of TnaC and establishes stacking
interactions with the 23S rRNA U2586 nucleotide that is stabilized by the 23S rRNA
U2609 nucleotide (Cruz-Vera, Rajagopal et al. 2005, Bischoff, Berninghausen et al.
2014). These interactions result in the formation of a second binding pocket for L-Trp
formed by V20 and I15 residues of the TnaC peptide (Gong and Yanofsky 2002) (CruzVera, Gong et al. 2006). Despite that these interactions between L-Trp and the TnaC
peptide does not explain how the PTC is affected, it has been observed that 23S rRNA
residues U2585 and A2602 at the PTC acquire spatial conformation that are incompatible
with the presence of release factor protein residues at the PTC (Seidelt, Innis et al. 2009)
(Bischoff, Berninghausen et al. 2014). RF1 and RF2 have a similar architecture when
bound to the ribosome (see Figure 1.3) (Petry, Brodersen et al. 2005). Biochemical
analyses also suggest that both factors interact with the ribosome with an induced fit
mechanism (He and Green 2010). However, the termination function of RF1 is
unaffected at the PTC. This work investigates the role of non-conserved residues
surrounding the GGQ motif RF2 in TnaC mediated ribosomal arrest during termination.
5

To understand the mechanism, translation in prokaryotes is discussed in the following
section.

Figure 1.3 Cryo-EM structures of ribosome termination complexes with RF2 and RF1.
The GGQ, SPF and PVT motifs are highlighted in red (Korostelev, Asahara et al. 2008).
Copyright 2008 National Academy of Sciences, U.S.A. Reprinted with permission.
1.2! Translation
In bacteria, two particles with different densities defined as 30S and 50S
subunits make up the ribosome. Each subunit consists of a ribosomal RNA (rRNA) and
6

several proteins (rProteins). The process of translation begins with the assembling of the
translation apparatus, which consists of and mRNA and 50S and 30S ribosomal subunits
and (see Figure 1.4).

Figure 1.4 Overview of the stages of prokaryotic translation. Initiation is the first step,
involving binding of ribosomal subunits followed by the binding of initiator tRNA fMet
tRNAmet at the start codon. Sequential addition of amino acids to form the nascent
peptide occurs during the second step of elongation. Termination follows to release the
nascent peptide from the ribosome using a release factor. The ribosomal subunits, tRNAs
and factors that facilitate each step indicated in the figure are recycled for new rounds of
translation (Schmeing and Ramakrishnan 2009).
1.2.1! Translation Initiation
In bacteria, the 30S subunit recognizes a sequence in the mRNA named
Shine-Dalgarno. Once the small subunit is bound to the mRNA, the initiation factor
1(IF1) binds to the amino acyl A-site of the 30S subunit followed by a ternary complex
7

formed by formyl methionyl (f-Met-tRNA, initiation Factor 2 (IF2) and GTP at the
peptidyl P-site (see Figure 1.4) (Gualerzi and Pon 1990). IF2 promotes by hydrolyzing
GTP the interactions between the 50S subunit, f-Met-tRNA-mRNA-30S initiation
complex to form a functional 70S ribosome, equipped for translation elongation (see
Figure 1.4) (Nierhaus 1980, Nierhaus 1991) (Gualerzi and Pon 1990, Kozak 1999).
1.2.2! Translation Elongation
Elongation begins when an incoming charged tRNA bound to Elongation
Factor- thermo unstable (EF-Tu) and GTP enters at the A (aminoacyl) site and is decoded
by the 16S rRNA. When the codon anticodon pairing is correct, conformational changes
take place in the ribosome that results in GTP hydrolysis and the exit of EF-Tu from the
ribosome (Beringer and Rodnina 2007). The combined interactions of the 23S rRNA and
the tRNAs at the A and P sites causes conformational changes that create an entropically
favorable environment in the ribosome. This facilitates the nucleophilic attack by the
amino group of the amino acyl tRNA at the A site on the carbonyl carbon of the ester
bond of the formyl methionyl tRNA located at the P (peptidyl) site (Beringer, Bruell et al.
2005) resulting in the formation of a transition state intermediate. The peptide bond.
Translation Elongation Factor-G (EF-G) coupled to GTP enters the ribosome and causes
the translocation of the A site peptidyl tRNA to the P site and the P site tRNA to the E
(exit) site through the hydrolysis of GTP. The peptidyl tRNA moves to the P site through
translocation as a new amino acylated tRNA moves into the A site and the process
continues till the ribosome encounters a stop codon.

8

1.2.3! Translation Termination
The initiation of translation termination begins when a ribosome encounters
either an amber (UAG), opal (UGA) or ochre (UAA) stop codon. A class I release factor
recognizes the stop codon with a recognition motif present in its domain II and binds to
the ribosome at the A site. The release factor changes from a closed conformation
(observed in free-state) to an open conformation (observed within the ribosome) (see
Figure 1.9) (Trappl and Joseph 2016).
This closed conformation is observed 80% of the time and an open conformation
exists 20% of the time. The unfolding of the factor is a cooperative process that is
dependent on temperature and is found to be mainly in Domain II, III and IV. This is
necessary to allow the release factors to facilitate hydrolysis (Zoldák, Redecke et al.
2007). The binding of the release factor also causes structural changes at the peptidyl
transferase center. This allows the positioning of a water molecule which hydrolyses the
ester bond between the tRNA and the nascent peptide (Jin, Kelley et al. 2010). The
nascent peptide leaves the ribosome through the exit tunnel. A class II release factor,
Release Factor 3 (RF3) is a GTPase that then catalyzes the dissociation of class I release
factors leaving behind a post termination complex. Ribosome Recycling Factor (RRF)
binds to the ribosomal A site along with Elongation Factor G (EF-G) and GTP. EF-G aids
the movement of RRF into the P site and the tRNAs at the P and A sites are released from
the ribosome (see Figure 1.4). They also facilitate the release of mRNA and the
disassociation of the two ribosomal subunits. This allows for recycling of the components
for new rounds of translation (Hirokawa, Kiel et al. 2002) (Ramakrishnan 2002).
9

1.2.4! The Peptidyl transferase center

Figure 1.5 Mechanism of ester bond hydrolysis at the PTC. Panel A depicts the
interactions of the PTC nucleotides with the peptidyl tRNA. Panel B shows the
methylated GGQ motif positioning the water molecule in close proximity to the peptidyl
tRNA. Panel C shows the nucleophilic attack by the water molecule on the ester bond
between the nascent peptide and the tRNA which results in its release (Weixlbaumer, Jin
et al. 2008). Reprinted with permission.
The peptidyl transferase center (PTC) is the catalytic heart of the ribosome
where peptide synthesis occurs. It is a ribonucleoprotein complex located in the 50S
subunit of the ribosome, which is involved in two major reactions: 1) peptide bond
formation (see Figure 1.6 (Gindulyte, Bashan et al. 2006)) and 2) hydrolysis of peptidyltRNAs (Weixlbaumer, Jin et al. 2008) (see Figure 1.5) (Beringer and Rodnina 2007). The
ribosome is able to speed up peptide bond formation and around 15-50 peptide bonds are
formed in a second (Katunin, Muth et al. 2002) (Polacek and Mankin 2005).
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Figure 1.6 Formation of peptide bond at the PTC. Arrows show the formation N-C
peptide bond between amino acid at the A site tRNA and the nascent peptide. This results
in the formation of an OH bond at the P site tRNA. The CO bond breaks to allow transfer
of the amino acid to the nascent peptide and then N-H bond breaks to release the tRNA at
the P site (Gindulyte, Bashan et al. 2006). Copyright 2006 National Academy of
Sciences, U.S.A Reprinted with permission.
It has been shown that the rRNA residue A2451 plays an essential role in the
catalysis of the reaction (Beringer, Bruell et al. 2005). The residues A2450, G2583,
located at the core of the PTC interact with the tRNAs at the P and A sites (Schmeing,
Huang et al. 2005). The ‘inner shell’ of the PTC comprises of the nucleotides A2602,
U2585 and U2506 (see Figure 1.7) that play a role in peptide bond formation. When the
nucleotide bases A2453 and C2499 are ionized, conformational changes take place in the
inner shell which altogether affect the rate of formation of the peptide bond (Beringer and
Rodnina 2007). The PTC also serves as the location for hydrolysis of the ester bond
between the complete nascent peptide and tRNA. The residue A2602 plays a key role in
peptide release (see Figure 1.7) (Polacek, Gomez et al. 2003).
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Figure 1.7 Interaction of RF2 with the ribosome. Panel a shows the interactions of GGQ
motif (red) at the PTC and SPF (red) at the decoding center. Panel b shows the
interactions of SPF motif with the nucleotides making up the A site. Panel c shows the
interactions of the GGQ motif of RF2 with the PTC nucleotides U2506, U2585, A2602,
A2451 (orange). CCA loop of tRNA is marked in green (Schmeing and Ramakrishnan
2009). Reprinted with permission.
1.2.5! Stop codons and discrimination
There are three different stop codons found in bacteria, UAG, UGA and
UAA. High expression genes typically terminate with UAA where both release factors
function. The type of stop codon presented correlates with the concentration of the
respective Class I release factor. Stop codons can be misread by tRNAs and the
likelihood is highest with the UGA codon (Sambrook, Fan et al. 1967) recognized by
RF2 with the least misreading observed in UAA. The concentration of release factors also
contributes to the efficiency of translation termination. Increasing RF2 concentration
reduces misreading events while increasing RF1 concentrations does not have the same
effect. There is also a strong correlation between GC content and the type of stop codon
which is predominantly UGA (Povolotskaya, Kondrashov et al. 2012).
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1.3! Release Factors:
As mentioned elsewhere, there are two class 1 release factors; Release Factor
1 (RF1) and Release Factor 2 (RF2) that recognize the codons and facilitate the release of
the nascent peptide in bacteria. RF1 recognizes the UAG and UAA codons using its ProAla-Thr (PAT) motif, while RF2 recognizes the UGA codon as well as the UAA codon
using its Serine-Proline-Phenylalanine (SPF) motif (Scolnick, Tompkins et al. 1968),
both motifs are located in their corresponding RF domains I (Rawat, Gao et al. 2006).
Structural and biochemical analyses have shown the importance of the conserved motifs
in discriminating each stop codon (Nakamura and Ito 2002). The Pro at the first position
of the RF1 protein serves as a discriminating factor that only interact with adenines
located at the second nucleotide position of the UAG and UAA stop codons (See Figure
1.8) (Scolnick and Caskey 1969) inducing the threonine at the third position of the PAT
motif to interact selectively with either the G and A at the third nucleotide position of the
UAG and UAA stop codons respectively (see Figure 1.3, panel C) On the other hand for
RF2, the phenylalanine residue at the third position of the SPF motif interacts only with a
adenine located at the third nucleotide position of the stop codon, discriminating the
UGA stop codon from the UAG stop codon, but allowing RF2 to interact as well as RF1
with the UAA stop codon (see Figure 1.8) (Nakamura and Ito 2002). RF2 has a
recognition switch comprised of residues Glu 128, Asp 131, Arg 191 which enables it to
discriminate the second A/G codons (Sund, Andér et al. 2010). When either of the class I
release factors binds to the ribosome complex, it enters to a non-rotated state from a
rotated state. Out of both factors, RF2 is able to stabilize the ribosome in the non-rotated
state in a stronger manner. This stabilization of a non-rotated state allows conformation
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changes within the ribosome and subsequent factors to bind to the ribosome which
promote dissociation and recycling of the ribosomal subunits for new round of translation
(Casy, Prater et al. 2018).

Figure 1.8 Discrimination of stop codons by recognition motif of RF1/2. Panel a shows
that the second (Adenine / Guanine) and third bases (Guanine / Adenine) is discriminated
by the first (Proline/Threonine) and third amino acids (Serine/Phenylalanine) on the
discriminator peptide of the RF1/2. Amino acids that are next to squares are permissive to
Adenine and the amino acids next to triangles are restrictive to Adenine. Amino acids
that can be swapped are shown with circular arrows. Types of RFs are indicated. Panel b
shows the discriminator groups in the purine bases. C2 amino group of Guanine is the
primary discriminator (Ito and Uno 2000). Reprinted with permission.
In the free state, the release factors assume a closed conformation with the
domains II and III being 25 Å apart from each other (Ito, Ebihara et al. 1996). When the
release factor binds to the ribosome it acquires an open conformation when the domain
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III separates from domain II up to 75 Å apart from each other (see Figure 1.9) (Demo,
Svidritskiy et al. 2017). The loop of the domain III which contains the tripeptide GlyGly-Gln (GGQ) motif is then localized at the PTC (see Figure 1.7) (Rawat, Zavialov et
al. 2003). This GGQ motif, which is conserved through all domains of life (Andér and
Åqvist 2009), facilitates the positioning of a water molecule that catalyzes the hydrolysis
of the ester bond between the peptide and tRNA at the peptidyl transferase center (see
Figure 1.5) (Zavialov, Buckingham et al. 2001).
1.3.1! Release Factor 1
RF1is a 350 amino acid long peptide and is coded by the gene prfA. In E.
coli the cellular concentration of RF1 is 53.1ppm (Wang, Weiss et al. 2012). Structural
analyses of RF1 suggest its binding to the A site stabilizes the rearrangement of the 16S
A1492 and A1493 nucleotides at the decoding center. This allows disengagement of
Domain III away from Domain II towards a catalytically active conformation positioning
the GGQ motif at the PTC (Svidritskiy and Korostelev 2018). Once bound at the PTC,
RF1 carries out peptidyl tRNA hydrolysis in about 2.0 seconds (Freistroffer,
Kwiatkowski et al. 2000). The release of RF1 from the post termination complex is
dependent on RF3 unlike RF2 (Koutmou, McDonald et al. 2014). CryoEM analyses
suggest that the α2 helix of Domain I of RF1 interacts with Domain III of the class II
release factor RF3 bound to GDP. If a peptidyl tRNA is not present at the P site, GTP
binds to RF3. This induces a conformational change in the ribosome and also breaks the
structural bridge between the L11 ribosomal protein and the Domain I of RF1. This
results in the release of RF1 from the ribosome and also facilitates the dissociation of
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RF3- GDP complex from the ribosome (Pallesen, Hashem et al. 2013). Hence it
dissociates more slowly from the ribosome, genes that contain UAG release the
ribosomes slower than genes containing UGA under fast growth conditions (Korkmaz,
Holm et al. 2014). This could explain why its expression level is lower than RF2 (Mora,
Heurgue-Hamard et al. 2007).
1.3.2! Release Factor 2
RF2 is a 348 amino acid long peptide that is coded by the prfB gene. The prfB
gene is comprised of two open reading frames (ORFs) with an in frame UGA stop codon.
50% translational read-through takes place when cellular concentrations of RF2 are low
leading to the production of the functional RF2 protein. However, in high cellular
concentrations of RF2, translation terminates at the UGA stop codon in frame resulting in
a 23 amino acid long product (Betney, de Silva et al. 2010). In E. coli, the cellular
concentration of RF2 is 453 ppm(Wang, Weiss et al. 2012). As mentioned elsewhere,
class I release factors exist in both an open and a closed conformation. RF2 shows similar
structures than RF1 as in free- as well as ribosome bound forms (see Figure 1.9).
Structural analyses have shown that RF2 is inherently flexible and the open state is also
thermodynamically unstable in solution (Zoldák, Redecke et al. 2007). Protonation of
histidine residues is purported to increase the affinity of Domain I and Domain II which
makes the closed state more common(Ma and Nussinov 2004).The termination efficiency
of RF2 is around 6 times greater than RF1. The ester bond between the nascent peptide
and tRNA is terminated in 0.7 seconds (Freistroffer, Kwiatkowski et al. 2000). It also has
a lower affinity for the stop codon as compared to RF1. This allows faster ribosome
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recycling for new rounds of translation. (Gao, Zhou et al. 2007). There are two RF2
variants observed in E. coli strains. The variant (A246) observed in B strains has an
Alanine in position 246 (Dinçbas-Renqvist, Engström et al. 2000), which has shown 5
times higher termination efficiency compared to the variant (T246) in the K12 strains
with Threonine at the same position (Mora, Heurgue-Hamard et al. 2007).
Overexpression of the T246 variant is known to be toxic to cells. They found that a strain
containing an RF2 T246 variant was suppressing growth, however a replacement with
Alanine at the same location was able to complement and allow cell growth. Stop codon
recognition was not affected. The overall proposition is that the residue at the 246th
position affects termination function by interactions with the nucleotides at the PTC
(Uno, Ito et al. 1996).
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Figure 1.9 Release Factor II in free (closed) and bound (open) states. On binding to the
ribosomal A site, conformational changes take place which allows RF2 to assume the
open conformation (Panel B) from the closed conformation (Panel A). GGQ motif of
domain III is in close proximity to the peptidyl tRNA (Panel B, inset) (Graille, Figaro et
al. 2012) Reprinted with permission.
1.4! Objective
The objective of this study is to elucidate the structural features of release
factors that are targeted by L-Trp and TnaC during translation termination arrest. In vivo
and in vitro analyses revealed that TnaC-L-Trp induced termination arrest is more
efficient on RF2 than RF1. RF2 and RF1 have several differences in the amino acids
surrounding their GGQ motifs. It was hypothesized that replacing these unique amino
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acid residues around the GGQ motif of RF2 with residues observed in RF1 would reduce
the TnaC-L-Trp inhibition effects on translation termination aided by RF2. Thus site
directed mutagenesis was used to generate RF1 like RF2 variants. Changes in the
regulation of the tna operon expression under the expression of RF2 protein variants was
tested in vivo using bacteria with the reporter gene lacZ. Plasmids that expressed the RF2
proteins were tested to verify expression of proteins. !-galactosidase assays were used to
test the action of the RF2 proteins at the stop codon upstream at tnaC by measuring
expression of a tnaA’-‘lacZ fusion construct. It was found that an RF2 variant with a
serine at 246th position and a threonine at 256th position was more effective in its
termination function at UGA. In vitro translation assays were used to corroborate the
action of the RF2 variants on the release of ribosomes during translation termination. A
single change at the 246th position from threonine to alanine reduced the expression of
tnaA’- ‘lacZ. These observations led to the hypothesis that the residues that surround the
GGQ motif could be significant in the TnaC-LTrp selective inhibition of RF2. Further
replacements of amino acid residues was carried out at the 246th and 256th positions and
the reduced expression of tnaA’ - lacZ’ were noticed predominantly with an RF2 variant
that had a replacement with serine at the 246th position and an threonine at the 256th
position. Finally, the action of these new RF2 proteins was tested during cell growth and
in a protein global context. It was expected changes in global gene expression would be
observed. The overall expression of proteins was greater with the RF2 S246/T256
variant. This work compares the functioning of Class I release factors at the tnaC stop
codon and its role in the regulation of global gene expression.
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CHAPTER 2

EVALUATION OF THE TNA OPERON EXPRESSION AND RIBOSOME
ARREST AT THE TNAC SEQUENCE UNDER THE ACTION OF THE RF1 AND
RF2 PROTEINS

2.1! Introduction
Previous in vivo studies used the strains indicated in Table 1. It was expected
that ribosome arrest at tnaC under high L-Trp would result in expression of the
downstream reporter gene tnaA’-‘lacZ’. The studies showed highest level of downstream
gene expression when UGA codon is used by E. coli, an intermediate level of expression
observed with UAA and lowest level of expression being observed with UAG(Konan and
Yanofsky 1997).
A comparative study of stop codons was performed previously using
bacterial strains indicated in the Table 1 with the following constructs; tnaC(UAG)
tnaA’-‘lacZ , tnaC(UGA) tnaA’-‘lacZ and tnaC(UAA) tnaA’-‘lacZ. At the tna operon,
transcription is regulated using translation. Under inducing concentrations of L-Trp, the
inhibition of translation termination at tnaC results in expression of the downstream
genes. This is observed through the expression of the reporter gene lacZ’ that can be
measured using the Miller assay as described (Miller 1992). The experiments were
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performed under at maximum inducing levels of L-Trp. These studies revealed that under
a concentration of 100µM L-Trp, TnaC and L-Trp ribosomal arrest occurs preferentially
at the TGA stop codon (Konan and Yanofsky 1997). These results indicate that perhaps
translation termination inhibition is specific to the stop codon that is recognized by RF2.
This led to the hypothesis that there is differential inhibition of the release factors
functioning at tnaC stop codon. Studies have also shown that the combined action of
TnaC and free L-Trp molecules in the exit tunnel of the ribosome results in allosteric
changes at the PTC (Bischoff, Berninghausen et al. 2014, Martinez, Gordon et al. 2014).
However, this does not explain the inhibition observed only at the UGA codon suggesting
that there could also be structural features on the release factors that could be allow for
differential inhibition of release factors. To test these hypotheses, we designed in vitro
and in vivo experiments that would reveal the location of ribosomal arrest to determine if
termination arrest was due to the release factor and also to determine which structural
features in the release factor were being targeted by the combined action of TnaC and
free L-Trp. We followed this idea by using an L-tryptophan analog 1 methyl –L
tryptophan. The advantage of the analog is that it is metabolized slowly by the cells and a
low concentration of this analog can be used in vivo (Yanofsky, Horn et al. 1991).
Additionally, the effects of can also be studied for a longer period of time for the
aforementioned reason. The experiments were carried out at the minimum inducing levels
to see the effects of L-Trp mediated arrest.
In vitro toeprinting analyses were carried out determine the location of the arrested
ribosomes on the tnaC mRNA. The idea here is to use toeprinting as corroborative
evidence for ribosome arrest occurring at the stop codon. It was also used to determine
21

whether RFs were indeed located at the ribosome and were unable to carry out their
function. Two types of tnaC fragments were used, wild type and W12R. Arrested
ribosomes do not form on a W12R tnaC variant and it was used as a control. RF1, RF2
and non-functional RF2 variants were used to determine if RF2 is located at the A site
and able to carry out its termination function.
2.2! Materials and Methods
The following table shows the strains and plasmid constructs used in this
work.
Table 1 Strains and plasmids used for testing the effects of stop codon and RF2 variants
on the reporter gene expression
Strains

Genotype

Reference

Bacteria
(Stewart and
SVS1144

λ tnaP tnaC-UGA tnaA'-lacZ

Yanofsky
1985).
(Konan and

λ tnaP tnaC-UAG-tnaA’-‘lacZ,
VK800

Yanofsky
tnaA2
1999).
(Gollnick and

PDG1158

λ tnaP tnaC-UAA tnaA'-lacZ

Yanofsky
1990).
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SVS1144, prfB(Ala246), zgf::Tn10kan
JR0001

This work
(93% linked to prfB)

JR0002

SVS1144, pETDuet RF2 (A246S), pTARA

JR0003
Plasmids
pETDuet derivated

pBR322 derivative, pT7, ampr

Novagen
(Pierson,

pETDuet RF2

prfB (Ala246, Arg256), prmC,

Hoffer et al.
2016)

pETDuet RF2
RF2 prfB(Ala246Ser)

This work

prfB(Ala246Thr)

This work

prfB(Arg256Thr)

This work

prfB(Ala246Ser, Arg256Thr)

This work

prfB(Ala246Thr, Arg256Thr)

This work

(A246S)
pETDuet RF2
(A246T)
pETDuet RF2
(R256T)
pETDuet RF2
(A246S,R256T)
pETDuet RF2
(A246T,R256T)
pACYC184

(Chang and

cmr

derivative

Cohen 1978)
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(Wycuff and
pTARA

pbad, T7 gene, araC

Matthews
2000)

2.2.1! Toeprinting
tnaC wild type and W12R tnaC DNA fragments with stop codons UAG, or
UGA were prepared by PCR using the following primers: forward primer T7-tnaC-2,
5’TAATACGACTCACTATAGGGAGTTTTATAAGGAGGAAAACATATGAATATC
T TACATATATGTG-30, reverse primer tnaC-toe2,
5’AGCAAACAAATAGATCACATTG-30, (Martinez, Gordon et al. 2014). The W12R
tnaC variant does not induce translation arrest and is used as a control. The PCR products
were used in in vitro transcription-translation assays using the PURExpress cell free
complete reconstituted system (E6800, New England Biolabs), and ΔRF123 reconstituted
system (E6850, New England Biolabs) which has trace amounts of RF1, RF2, and RF3.
Five microliters of transcription-translation reactions containing 0.1-0.3 pmol/µl tnaC
DNA fragments, 0.3 mM of 19 amino acids, release factors and antibiotics when they
were required, and high (4mM) or low (0.3mM) levels of L-Trp were performed at 37˚C
for 20 minutes to allow formation of arrested ribosomes. Later, 0.5 µl of 20 pmol/µl of
reverse primer labeled with [32P], whose sequence is5’AGCAAACAAATAGATCACATTG-3’, and 4 units of AMV reverse transcriptase
(Roche) was added to the reactions (Martinez, Gordon et al. 2014). The final mixes were
incubated for 20 minutes at 37 ˚C to allow synthesis of cDNA fragments. The products of
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the reaction were resolved using 6% urea polyacrylamide gel. Gels were exposed to a
phosphor screen for an hour and scanned using a Typhoon Imager 9410.
2.2.2! Transduction of SVS1144 with prfB(Ala246), zgf::Tn10kan
SVS1144 was transduced with P1vir lysates of VH1125 (Mora, HeurgueHamard et al. 2007). VH1125 is a derivative of Xac with prfB(Ala246) and
zgf::Tn10kan. zgf::Tn10kan and prfB(Ala246) contransduce 93%. Kanamycin plates
were used to select the transductants. VH1125 was kindly provided by Dr. Valérie
Hergué Hermard (Mora, Heurgue-Hamard et al. 2007).
2.2.3! Preparation of phage lysate
VH1125 was grown overnight with shaking at 37˚C. The cells were
subcultured 1:100 in LB supplemented with 5mM CaCl2 and the culture incubated for
two hours without aeration followed by aeration for an hour. 100 µl phages were added
and the cells were incubated for 20 minutes. 2.5ml R top agar (1% bactotryptone, 0.1%
bacto yeast, 0.8% agar, 0.8% NaCl, 2mM CaCl2, 0.001% glucose) was added and poured
on R plates. The plates were incubated overnight at 37˚C. The lysates were scraped and
1ml LB was added and contents collected in a microcentrifuge tube. A few drops of
chloroform were added and contents were vigorously vortexed and centrifuged. The
supernatant was collected and stored at 4˚C.
An overnight culture of SVS1144 was centrifuged and the pellet resuspended in
900 µl LB supplemented with 0.1M MgSO4, 5mM CaCl2. 100 µl resuspended cells were
incubated with 100 µl P1vir lysate at 37 ˚C for 30 minutes. 200 µl of citrate buffer was
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added to prevent lysis and LB was added and cultures were incubated with aeration at 37
˚C. Transductants were selected on Kanamycin plates. Chromosomal DNA was extracted
using the following method. 1 colony was resuspended in 20 µl TE buffer and vortexed
for 20s. It was incubated for 5 minutes at 98˚C. The lysate was centrifuged and
supernatant transferred to a microcentrifuge tube. The prfB(A246) gene was amplified
using PCR and sequenced by Eurofins Genomics using primers listed in Table 3.
β-galactosidase assays were carried out to test the function of the release
factors using the expression of the reporter gene with increasing concentrations of 1
methyl L-Trp.
2.2.4! β-galactosidase assay
The expression of the reporter gene tnaC – tnaA ‘lacZ was measured using
the β-galactosidase assay in the three strains SVS1144, PDG1158, VK800. 40-µl of
overnight culture was subcultured into 1ml M9 media (10ml of M9 salts (64 g disodium
phosphate heptahydrate(Na2HPO4.7H20), 15 g potassium phosphate(K2PO4, 2.5 g of
sodium chloride(NaCl) and 5 g of ammonium chloride (NH4Cl) in a liter of water.), 1 ml
20% glycerol, 500 µl 5% casamino acids, 100 µl 1M magnesium sulfate(MgSO4 ,5 µl 1M
calcium chloride, water was added upto 50 ml). A β-galactosidase reaction solution was
prepared with 0.45 ml Z buffer (10mM KCl, 1mM MgSO4, 50mM β-mercaptoethanol,
60mM Sodium Phosphate, pH 7.0), 12.5 µl 0.1% SDS,25µl chloroform, 50 µl
ONPG(4mg/ml). 50µl of culture was added to the reaction mixture followed by vigorous
vortexing for 30 seconds. Reactions were stopped on the appearance of yellow color with
100 µl 1M sodium acetate. The solutions were centrifuged at 10,000 rpm for 10 minutes.
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300 µl of supernatant was transferred to a microplate reader and reporter gene expression
was measured using the following equation.
! − #$%$&'()*+$),-.&'*/*'0- 1*%%,2-34*') = 1000

(.9):;< )
(.9)><< ∗ ' ∗ /)

!-galactosidase assays were performed on cells treated with concentrations of
0-45 µM L-Trp in concentration increments of 10 where indicated. The assays were also
performed with 1 M-L-Trp, an L-Trp analog that is not metabolized at concentrations of
0-40 µM 1M-L-Trp as well as at concentrations of 0-7 1M-L-Trp as indicated. Assays
were performed with replica and results shown are representative of four independent
experiments.
2.2.5! Statistical analyses
Two way ANOVA without replication was performed on the averages of the
results obtained from betagalactosidase assays to determine if the effect of concentration
of 1 M-L-Trp on the expression of tnaA’-’lacZ’ under the different RF2 variants is
statistically significant.
2.3! Results
To better determine the differences in regulation observed in the tnaA’-‘lacZ
reporter genes containing different stop codons produced by Konan and Yanofsky, it was
decided to analyze the expression of the reporter genes under low concentrations of
inducer. Because L-Trp is metabolized by tryptophanase and used for protein synthesis it
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was decided to use a L-Trp analog, 1-methyl-L-Trp (1M-L-Trp) that is not
metabolized(Yanofsky, Horn et al. 1991) and it is not toxic under the selected
concentrations. The strains used by Konan and Yanofsky were studied first at a range of
0-45 µM of 1M-L-Trp, where 45 µM of 1M-L-Trp is known to produce maximum
expression of the reporter gene(Martínez, Shirole et al. 2012). The results are seen in
Figure 2.1.
Table 2 Two way ANOVA to test the significance of stop codons on expression of
reporter genes
ANOVA
Source of Variation
1 M-L-Trp
Concentration
Expression at stop
codons
Error
Total

SS
877203.1

df
9

MS
97467.01

1114654

2

557327.1

772364.5
2764222

18
29

42909.14

F
2.27147
4
12.9885
4

P-value
0.06618
2
0.00032
2

F crit
2.45628
1
3.55455
7

The results of expression at stop codons in Figure 2.3 were statistically
significant as shown in Table 2 (2 way ANOVA F 2,14 = 12.98, P = 0.0003).

28

Figure 2.1 Influence of the tnaC stop codon identity on the tnaA’-‘lacZ reporter gene
inducible-expression under high concentrations of 1M-L-Trp. β-galactosidase assay were
performed from the indicated bacterial cultures that were grown under the presence of
several concentrations of 1M-L-Trp. Results represent an average of four experiments
with replica.
The results show that the maximum inducible expression is achieved at
around 45 µM 1M-L-Trp. A linear relationship is observed till a concentration of 10 µM
1M-L-Trp. The expression at the UGA stop codon is around 5.5 times more than that at
UAG stop codon and around twice more than at the UAA stop codon. These results

29

overall suggest that the factor functioning at the UGA stop codon, RF2 is being affected
more by the action of L-Trp.
As indicated previously, E. coli strains are shown to have two RF2 variants with
differences in termination activity (Mora, Heurgue-Hamard et al. 2007). The next step
therefore was to see if these differences in termination activity would be observed at the
tnaC stop codon as well. Both the K12 variant T246/R256 and the variant found in B
strain A246/R256 were studied by measuring reporter gene expression of tnaA’-‘lacZ in
the following experiment.
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Figure 2.2 Effects of RF2 variants on the inducible expression of the tnaA’-‘lacZ reporter
gene under high concentrations of 1M-L-Trp. Results represent an average of four
experiments with replica.
In the Figure 2.2, the effects of the two RF2 variants T246/R256 and
A246/R256 and RF1 in the strain VK800 is observed. The T246/R256 variant found in
K12 strains shows a nearly eight times more expression of the reporter gene as compared
to the A246/R256 variant found in B strains. The expression observed under A246/R256
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is very similar to the expression observed with RF1 (VK800), both of which have very
low induction. For both RF2 variants and RF1, the maximum induction appears to be
occurring at a concentration of 10µM 1-M-L-Trp. The next experiments were conducted
to study the induction under concentrations of 10µM 1-M-L-Trp and below.
In the previous experiments, the concentrations of inducer reached maximum
expression of the reporter gene and made it difficult to compare the kinetics of induction
of all three reporter gene constructs. It was decided then to use concentrations of inducer
lower than 10 µM, to obtain linearity of the expression. The results can be seen in Figure
2.3.
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Figure 2.3 Influence of the tnaC stop codon identity on the tnaA’-‘lacZ reporter gene
inducible expression under low concentration of 1M-L-Trp. Results represent an average
of four experiments with replica.
A linear relationship is observed between concentrations of 1M-L-Trp and
reporter gene expression. Expression of reporter gene at the TGA stop codon is 18 times
more than at the TAG stop codon and around 4 times more than at the TAA stop codon.
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Overall, this data suggests that RF2 functioning at the TGA stop codon is being affected
most by the action of L-Trp.
Previous in vivo experiments have demonstrated that the nature of the tnaC
codon affects the expression of the tna operon. To demonstrate that these results involve
arrest of translation termination in vitro studies were carried out to determine the
formation of ribosome arrest in the tnaC gene containing either TAG or TGA stop codon.
Toeprinting analyses were performed in vitro to identify the formation of arrested
ribosomes in the used tnaC variants. Results are shown in Figure 2.4 Overall, the data
indicates that the amount of arrested ribosomes accumulated at the TGA stop codon
(Figure 2.4, panel B lane 2) is significantly greater (~ 7 times more) than arrested
ribosomes at the TAG stop codon (Figure 2.4, panel C, lane 2).
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Figure 2.4 in vitro detection of ribosome arrest at the stop codon of several tnaC mRNA
variants. Diagram below represents the process by which toeprinting products are
produced by ribosomal arrest (Panel A). Wild type (wt) and W12R tnaC DNA fragments
contain either TGA (panel B) or TAG (panel C) stop codons were used in in vitro
translation assays under 4 mM (H) or 0.3 mM (L) L-Trp concentrations. 5’-ends and
ribosome arrested (indicated with arrows) in the tnaC mRNAs were detected using retrotranscription inhibition assays also known as toeprinting. To identify the signals that
corresponds to arrested ribosomes downstream of the start codon of the tnaC mRNA,
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three different antibiotics thiostrepton, kanamycin and tetracycline were added at the
beginning of the reactions to prevent the movement of ribosomes from the start codon.
Arrows indicate cDNA products terminating at the location of arrested ribosomes.
Arrested ribosome signals are observed in Panel B lane 2 under high levels of L-Trp at
the TGA stop codon that is decoded by RF2. This signal is seven times stronger that the
signal observed at the TAG stop codon with the same conditions. Overall, the data
suggests that ribosomes arrest at the TGA stop codon terminated by RF2 but not as much
at the TAG stop codon terminated by RF1.
It has been suggested that the mechanism of inhibition of translation
termination employed by L-Trp and TnaC involves kinetic competition between the
binding of L-Trp, which produces a refractory PTC, and the RF2 accommodation at the
PTC (Cruz-Vera and Yanofsky 2008). To test this idea it was determined that the release
of arrested ribosomes under the presence of L-Trp in in vitro translation reactions would
occur under increasing concentrations of either RF2 or RF1. Increments of RF factors
would increase the opportunity of accommodation of the protein at the PTC once L-Trp
molecules are released from the ribosome. Our results are shown in Figure 2.5, Figure 2.6
and Figure A.6.1.
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Figure 2.5 Changes in ribosome arrest under increasing concentrations of RF2 and RF3.
Ribosome arrest was examined under conditions with 4 mM (high) or 0.3 mM (low) LTrp with several RF2/RF3 concentrations ranging from 0.1, 0.5, and 2.5 µM. Kanamycin
(Km) was used to identify the signals that corresponds to arrested ribosomes downstream
of the start codon of the tnaC mRNA. Double arrows indicate locations of arrested
ribosomes.
Figure 2.5 shows that the addition of increasing concentrations of RF2/RF3
did not release the arrested ribosomes (Figure 2.5, compare lane 9 with lane 12). Under
high (4mM) L-Trp concentration and low concentrations of RF1/RF3, ribosomes arrest at
the stop codon presumably with an empty A site (Figure 2.6, lane 8). The signals
decrease and then disappear (Figure 2.6, lanes 9-10)
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Figure 2.6 Changes in ribosome arrest under increasing concentrations of RF1 and RF3.
Experiments were performed as indicated in Figure 2.4. Reactions were performed with a
ΔRF123 cell free extract that contains low protein activity of each RF factor.
In the previous experiments, it was noticed that the addition of RF2 and RF3
not only did not reduced the accumulation of toe-printing ribosome arrest signals, unlike
RF1 and RF3, but also at 20 nM RF2/RF3 concentrations; the signal of the 17 nt position
increased substantially (see Figure 2.5, compare lane 12 with lane 9). To determine which
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factor, either RF2 or RF3 was the reason for such observations we performed the
experiments shown in Figure 2.7, Figure 2.8, Figure 2.9.

Figure 2.7 Changes in the intensity of the toe-printing ribosome arrest signals induced by
addition of RF2 proteins. Reactions were performed with a ΔRF123 cell free extract.
After accumulation of arrested ribosomes in the presence of 4 mM (H) or 0.3 mM (L) LTrp concentrations, the indicated components were added. Later, toeprinting assays were
performed to determine the position of the arrested ribosomes.
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Figure 2.8 Changes in the intensity of the toe-printing ribosome arrest signals induced by
addition of RF2 proteins. Reactions were performed as indicated in Figure 2.6. The
W12R tnaC mutant mRNA was used as a control of the generation of L-Trp-induced
arrested ribosomes.
The results shown in were carried out to determine the identity of the 17th
nucleotide signal. These signals in Figure 2.8 are seen in under high concentration of LTrp in lane 2 (RF2 and RF3 added). This is similar to Figure 2.7 (RF2 added). The
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addition of RF3 alone was unable to generate this signal (Figure 2.7, lane 3). Addition of
RF1 and RF3 (Figure 2.8, lane 3) is also unable to generate the 17th nucleotide signal
with the same intensity as RF2 and RF3 (Figure 2.8, lane 2). Overall the data suggests
that the 17th nucleotide signal is due to RF2 occupying the A site. The reduction of these
signals in the presence of tetracycline (Figure 2.7, lane 5), an antibiotic that interferes
with the entry of factors at the A site further strengthens this proposition.
So far the data indicates that an addition of RF2 increases the intensity of the
17 nt ribosome arrest signal under L-Trp. To determine if these increments in the 17 nt
signal are the product of interaction between RF2 and the decoding center, in vitro
translation reactions were performed with two RF2 mutants. The mutant PPF, which has
a change in its PAT stop codon recognition motif, has shown to abolish recognition of the
UGA stop codon (Ito and Uno 2000). This mutant should not increase the intensity of the
17 nt signal. Meanwhile, the mutant GGG, where GGQ is changed to GGG has reduced
hydrolysis kinetics (Shaw and Green 2007) and found to be still interacting with the
decoding center (Seit-Nebi, Frolova et al. 2001), should still increase the intensity of the
17 nt signal. The results can be seen in Figure 2.9.
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Figure 2.9 Effect of RF2 mutant variants at the loop of the domain III, GGG, and the stop
codon recognition motif, PPF, on the arrested ribosome signals. Reactions were
performed as indicated in Figure 2.6 in the presence of 4 mM L-Trp.
The toeprinting in Figure 2.9 was performed to determine whether RF2 is
binding at the stop codon but not able to carry out its termination function. The way to
demonstrate that is by using a RF2 variant which has an altered GGQ motif to GGG so
that it can recognize the stop codon but will not terminate translation. (compare Figure
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2.7 lane 4 and Figure 2.9 lane 5). We see here that the active RF2 (Figure 2.7. lane 2)
generates the same signal at the 17th nt position as the RF2 mutant with a non-functional
GGG motif (Figure 2.9, lane 5). We also use a SPF to PPF mutant which will not be able
to recognize the UGA stop codon due to the change from serine to proline. RF1 also
generates the same signal at the 16th nt position (Figure 2.9, compare lane 3 and lane 4).
Altogether, the results indicate that the identity of the signal at 17th nucleotide position is
due to RF2 that is bound at the A site but unable to carry out termination function.
2.4! Discussion
In vivo studies were used to complement previous analyses of the effect of the
identity of the tnaC stop codon on the expression of the tna operon. The effect of
maximum inducing L-Trp concentrations on three strains with tnac constructs
tnac(UGA)tnaA’-lacZ’ (SVS1144), tnac(UAG)tnaA’-‘lacZ (VK800), tnac(UAA)tnaA’‘lacZ (PDG1158) were used to study the effect on tnaA’-‘lacZ expression through βgalactosidase activity assays ( Figure 1.1, Figure 1.2, Figure 1.3 ). The studies showed
that a linear relationship between L-Trp and β-galactosidase activity exists until a
concentration of 10µM is reached. Maximum induction of the tnaA’-‘lacZ reporter gene
is observed with tnaC terminating with UGA (1117 miller units) and lowest induction
with tnaC terminating with UAG (60 miller units). This suggests overall that termination
mediated at the UAG stop codon is not affected by the action of TnaC and L-Trp unlike
that at UGA.
To determine the sensitivity of the three variants of tnaC stop codons to the
action of L-Trp, the effect of low L-Trp concentrations on tna operon induction was
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studied. 1 methyl L-Trp, an L-Trp analog was used to in order that low concentrations of
L-Trp can be maintained inside the cell without being broken down (Yanofsky, Horn et
al. 1991). It was found that the expression of tnaA’-’lacZ is three fold greater with tnaC
terminating with UGA codon in comparison to tnaC terminating with UAA codon
(Figure 2.3). RF1 preferentially functions at UAA stop codon. The expression of tnaA’‘lacZ is 18 fold greater than with tnaC terminating with UGA than with the UAG codon
(Figure 2.3). The expression at UAA is 4 fold lesser than UGA. The data indicates that
the action of 1 methyl L-Trp and TnaC induce the expression of the downstream genes
better when the tnaC gene contains the stop codon UGA. The statistical analyses in Table
2 show that the results in Figure 2.3 are statistically significant (2 way ANOVA F 2,14 =
12.98, P = 0.0003).
In E. coli, there are two RF2 wild type variants which have different
termination efficiencies (Dinçbas-Renqvist, Engström et al. 2000). Bacterial expression
of reporter gene that contained a tnaC with a UGA stop codon was highest when the RF2
T246 variant was expressed in comparison to bacteria expressing the RF2 A246 variant
(Figure 2.2). Expression of the tnaC (UGA) reporter gene under the RF2 A246 variant
was similar than the expression of the reporter gene than containing the tnaC UAG
variant. This in vivo data (Figure 2.2) complements the in vitro observations in that
termination arrest is specific to the UGA codon (Figure 2.4). Altogether the data suggests
that the action of 1 methyl L-Trp induced more the expression of the tnaC (UGA)
reporter gene under the expression of the T246 RF2 variant.
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In vitro ribosomal toeprinting experiments were used to locate arrested
ribosomes on a tnaC DNA fragment using a transcription translation coupled reaction. A
tnaC W12R DNA template with either TGA or TAG stop codons were used as controls
where ribosomal arrest does not occur. In Figure 2.4, there are no signals at 16th and 17th
positions with the addition of Kanamycin (lane 4, 8), Thiostreptone (Lane 3, 7) and
stTetracycline (lane 5, 10). This indicates that the toeprinting signals observed at the 16th
and 17th positions correspond to arrested ribosomes at the TGA stop codon under high
(4mM L-Trp) concentrations (Panel A, lane 1-2, Figure 2.4). Could it be possible then for
excess RF2 to be able to facilitate cleavage of ester bonds between the peptide and tRNA
under high concentrations of L-Trp? Our data shows that the addition of extra RF2 results
in an increment on the intensity of the signal at the 17th nucleotide (nt) position (Figure
2.5 lane 2). This means that the 17 nt signal is dependent on the presence of RF2. The
inability of RF1 and RF2 PPF to increase the intensity of this 17 nt signal (Figure 2.9,
lane 3) suggest that the 17 nt signal results due to RF2 interacting at the decoding center.
Furthermore, when Tetracycline an antibiotic that interferes with entry of aminoacyl
tRNAs and RF at A site was used (Orelle, Carlson et al. 2013), the intensity of the 17 nt
signal was not significantly increased in the presence of an excess of RF2 (Figure 2.7,
compare lane 2 with lane 5). Altogether the data indicates that the band at the 17th
position is produced by arrested ribosomes whose A site is occupied by RF2 under high
L-Trp conditions. Our data corroborates a study where the endonuclease RelE was unable
to cleave mRNA at the A site of a ribosome containing a TnaC nascent peptide in the exit
tunnel suggesting that the A site is occupied with RF2 (Hwang and Buskirk 2016).
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Conversely when the concentrations of RF1 are increased, the arrest signals
were significantly reduced (Figure 2.6, lanes 8-10). This suggests that the increase in RF2
concentration cannot overcome termination inhibition induced by TnaC and L-Trp unlike
RF1. The data also suggests that RF2 is able to recognize the stop codon and bind at the
A site but is unable to carry out its termination function (Figure 2.7 lane 4, Figure 2.9
lane 5). Overall, the data indicates that the function of RF2 is specifically inhibited by the
action of TnaC and L-Trp unlike RF1. Our analyses also suggest that the conformational
changes of the nucleotides due to the action of TnaC and L-Trp impedes the
accommodation of RF2 at the PTC. Hence RF2 is unable to carry out the cleavage of
ester bond and terminate translation.
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CHAPTER 3

DETERMINATION OF THE AMINO ACID RESIDUES AT THE TIP OF THE
LOOP OF DOMAIN III OF RF2 THAT ARE TARGETED BY TNAC AND L-TRP
DURING INHIBITION OF TRANSLATION TERMINATION

3.1! Introduction
Domain III of the release factors has a conserved Gly-Gly-Glu (GGQ) motif
that is conserved through all domains of life (Seit-Nebi, Frolova et al. 2001). This motif
facilitates the positioning of the water molecule for hydrolysis of the ester linkage
between the peptidyl tRNA and the nascent peptide (Jin, Kelley et al. 2010). Translation
termination inhibition through the action of TnaC and free L-Trp bound to the ribosome
is more efficient with the T246 RF2 variant than with A246 RF2 variant, which is more
efficient in termination than T246 RF2 variant (Mora, Heurgue-Hamard et al. 2007), and
RF1, which is better binding the UAG codon than RF2 (Hetrick, Lee et al. 2009). The
comparison of the primary structures of the RF2 and RF1 proteins reveals that there are
differences around their motifs at the 243, 246 and 256 RF2-positions (see Figure 3.1
panel A). CryoEM analyses suggest that these residues are in close proximity to the
nucleotides of the PTC (see Figure 3.1, Panel B). Thus any conformational changes in
nucleotides due to the interactions of L-Trp and TnaC in the exit tunnel could affect RF2
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function. These observations led to the hypothesis that the residues that surround the
GGQ motif could be significant in the selective inhibition of T246 RF2 variant. The
objective of this chapter was to determine if replacing these residues in the T246 RF2
variant with those observed in RF1 and the A246 RF2 variant would affect the translation
termination inhibition produced by L-Trp and TnaC. Replacements around the GGQ
motif was carried out by site directed mutagenesis on the prfB gene in the T7 polymerase
controlled pETDuet plasmid (see Table 1) using primers indicated in Table 3. The
plasmid pTARA was transformed into the strains to cause the expression of RF2 using T7
polymerase. The subsequent expression of RF2 variants in the strains with tnaA’-‘lacZ
was then used to measure their functioning at the stop codon using reporter gene
expression (see Figure 3.2).
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Figure 3.1 CryoEM model showing the residues of the loop of the RF2 domain II
interacting with nucleotides of the PTC. Nucleotides in blue undergo conformational
changes when L-Trp is bound in the exit tunnel. Nucleotides in cyan undergo
conformational changes when TnaC is bound in the exit tunnel. Conformational changes
are observed with nucleotides in red when RF2 is bound at the A site. Arrows indicate
interactions of RF2 residues with nucleotides of the PTC. The sequences of RF2 variants
and RF1 are indicated above the model, the non-conserved residues are highlighted in
red.
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Figure 3.2 Effect of RF2 variants on the L-Trp and TnaC induced expression of tnaA'‘lacZ. Arrows show flow of the expression process. Panel A depicts a bacterial strain
SVS1144 that consists of the fusion construct with UGA codon recognized by RF2. On
addition of Arabionose or through leaky gene expression, T7 is expressed by pTARA that
drives expression of prfB gene coding for RF2 variants. The variants then function at the
UGA codon. lacZ expression is thus used as readout of RF2 function in Panel B.
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3.2! Materials and Methods
3.2.1! Site directed Mutagenesis
Site directed mutagenesis was carried out using the Quick Change Site
Directed Lightning Mutagenesis kit (Catalog number 210519-5) to perform mutations
around the GGQ motif of RF2, prfB gene. 40 ng of pETDuet plasmids, 10 pmoles
forward and reverse primer, 5 µL Quik buffer, 1.5 µL Quik solution, 1 µL Quik Change
Lightning enzyme, 1 µL dNTPs and the volume was made up to 50 µL. Amplification
was carried out using a BioRad MJ Mini Personal Thermo Cycler under settings as
follows, 1) 95˚C for 2 minutes; 2) 95˚C for 20 seconds, 60˚C for 10 seconds, 68 ˚C for 4
minutes; Repeat 18 times and 3) 68 ˚C for 5 minutes. Following the third step, 1µL Dpn1
enzyme was added to each reaction and incubated for 15 minutes at 37˚C to digest the
DNA template. The presence of the product was confirmed by resolving it on a 1.5%
agarose gel alongside 2 log DNA ladder (1-10kb, New England BioLabs, N3200S). 40 µl
XL gold ultra-competent cells Quick Change Site Directed Lightning Mutagenesis kit
(Catalog number 210519-5) were used in plasmid transformation and LB broth media
was used. The cells were then plated on LB media containing 100 µg/mL ampicillin and
grown overnight at 37˚C. Two colonies were grown in 5mL LB broth with 100 µg/mL
ampicillin overnight at 250 RPM. On reaching mid log growth, the QiaPrep Spin
Miniprep kit (Qiagen Catalog Number 27104) was used following standard protocol. The
product was resuspended in 50 µL water. The product was verified using agarose gel
electrophoresis. Sequencing was carried out to confirm the presence of mutations by
using the reverse primers designed for mutagenesis as described in Table 3. Double
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mutants were also produced by introducing mutations A246T, A236S on R256T PetDuet
plasmid ((Pierson, Hoffer et al. 2016) by using the method described above.
3.2.2! Transformation of SVS1144 and VK800 with pETDuet and pTARA
The plasmids pETDuet and pTARA were introduced into SVS1144 and
VK800 by electrotransformation. SVS1144 and VK800 were grown overnight for 20
hours. Cells were washed thrice with sterile HyPure water and resuspended in 50 µl of
HyPure water. 1µl of pETDuet plasmids were added to 50ul of cells and they were
electroporated at 1.8V. 1ml of LB media was added to the cells. They were incubated by
shaking at 250 rpm for one hour. They were plated on selective plates for Ampicillin. The
process was repeated to transform pTARA into the cells and selected on LB plates with
Chloramphenicol (25 µg/mL) Ampicillin (100 µg/mL) in two subsequent steps. After
transformation, the expression of RF2 from plasmids was tested by western blotting.
Table 3 Primers and sequences used for site directed mutagenesis and sequencing of
plasmids and chromosomal DNA
Primers

Sequences 5’ to 3’

RF2f

catgtagaattcATGTTTGAAATTAATCCGG

RF2r

catgtaaagcttTCATAACCCTGCTTTCAAAC

RF2A246T

CATTGACGTTTATCGCACGTCCGGCGCGGGCGG
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RF2A246Tr

CCGCCCGCGCCGGACGTGCGATAAACGTCAATG

RF2V243Tf

CGGCGGATCTGCGCATTGACACTTATCGCGCGTCCGGCGC
GG

RF2V243Tr

CCGCGCCGGACGCGCGATAAGTGTCAATGCGCAGATCCGC
CG

RF2V243TA246T CGGCGGATCTGCGCATTGACACTTATCGCACGTCCGGCGC
f

GG

RF2V243TA246T CCGCGCCGGACGTGCGATAAGTGTCAATGCGCAGATCCGC
r

CG

RF2R256Tf

GGCGGTCAGCACGTTAACACTACCGAATCTGCGGTGCG

RF2R256Tr

CGCACCGCAGATTCGGTAGTGTTAACGTGCTGACCGCC

RF2A246Sf

CATTGACGTTTATCGCTCGTCCGGCGCGGGCGG

RF2A246Sr

CCGCCCGCGCCGGACGAGCGATAAACGTCAATG

RF2f*

5’–catgtagaattcATGTTTGAAATTAATCCGG–3’

RF2r*

5’– catgtaaagcttTCATAACCCTGCTTTCAAAC-3’
* overhang indicated in lower case.
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3.2.3! Western Blotting
3.2.3.1! Transformation of W3110 with pETDuet and pTARA
The RF2 variants S246T256 and A246 were observed to have changes in lacZ
reporter gene expression. This could be due to the functioning of the variants at the UAA
stop codon. To test this, a strain W3110 that does not contain the tnaA’-‘lacZ fusion
construct was used. RF2 variants and pTARA were introduced through transformation
and selection on LB plates containing Ampicillin (100 µg/ml) and Chloramphenicol (25
µg/ml). The strains were tested for expression of RF2 variants using western blot and
their functioning the stop codons was measured using β-galactosidase expression.
3.2.3.2! Transformation of SVS1144 and W3110
The strains SVS1144 and W3100 were transformed with plasmids pTARA
and pETDuet RF2 A246, T246, S246T256 as explained previously.
3.2.3.3! Preparation of sample
Strains were grown in 5ml M9 media supplemented with 100µg Amp and
50µg Chloramphenicol till mid log phase (0.6 OD). They were centrifuged at 4000 rpm
for 15 minutes. The pellet was resuspended in 25 µl Laemmli sample buffer (50mM TrisHCl, pH 6.8, 100mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol, 10% 2mercaptoethanol) and equal volume dI water. Under ice cold conditions, cells were
sonicated for a minute at 1 second pulse 3 seconds lag using a 4C15 sonicator (Fisher
Scientific). Proteins were separated from cell debris by centrifugation for 15 minutes and
transferred to a clean micro centrifuge tube.
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3.2.3.4! SDS –PAGE and electrotransfer to nitrocellulose membrane
The samples were resolved by 10% SDS PAGE 3 hours at 70V. The gel was
sandwiched between sponges, layers of filter paper, gel and nitrocellulose membrane.
The sandwich was immersed in a transfer buffer (20% v/v methanol, 1X towbin) and run
at 20V overnight at 4˚C.
3.2.3.5! Detection of RF2
The nitrocellulose membrane was blocked with 3% milk in 1X TBS – tween
for 30 minutes. The membrane was exposed to primary rabbit anti RF2 antibody (custom
antisera, COVANCE) at a concentration of 1/2000 in 1X TBS – tween, 3% BSA for two
hours(Cruz-Vera, Rajagopal et al. 2005). After washing for one hour, the membrane was
then incubated for an hour with anti – rabbit HRP antibody with 1X TBS tween, 3%
BSA. The membrane was washed in 1X TBS for one hour with solution replaced at
intervals of 15 minutes. A luminol based detection system (Pierce SuperSignal West Pico
Chemiluminescent Substrate, CA47079) was used to detect the proteins. The membrane
was covered in equal volumes of Stable Peroxide Solution and Luminol/enhancer
solution that was mixed previously. The reaction was allowed to develop for one minute.
The excess solution was blotted and the membrane was exposed to a Molecular
Dynamics Typhoon 9410 scanner to detect the proteins.
3.3! Results
To study the effects of changes in the residues of RF2 surrounding the GGQ
functional motif on the expression of the tna operon bacteria containing the tnaC (UGA)
tnaA’-‘lacZ reporter gene was transformed with pETDuet plasmids that expressed several
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RF2 variants. The expression of the RF2 genes is controlled by T7 RNA polymerase,
which was produced from an independent plasmid named pTARA under the presence of
arabinose (Wycuff and Matthews 2000). The expression of RF2 proteins was detected
using western blotting.

Figure 3.3 Detection of RF2 expression from pETDuet plasmids in SVS1144 (panel A)
and W3110 (panel B) using western blots with rabbit anti RF2 antibody. pTARA
expresses T7 polymerase that causes the expression of prfB coding for RF2. Background
chromosomal expression (pTARA, lane 4) is minimal. Results represent two independent
experiments.
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Figure 3.4 Staining of nitrocellulose membranes after western blotting with Ponceau
stain. RF2 protein variants are indicated. Panel A consists of proteins extracted from
SVS1144 and Panel B, W3110.
The background expression of prfB from the chromosome is to be considered
in the observed expression of reporter genes. Hence, western blotting with rabbit anti
RF2 antibody was used to detect the presence of RF mutants derived from the plasmids
versus the chromosomal expression. Results in Figure 3.3 show a higher level of
expression of mutant RF2 under IPTG induced expression. Low levels of chromosomal
RF2 expression were observed with the SVS1144 strain containing pTARA. This is an
indication that reporter gene expression observed is from the mutant RF2 from the
plasmid. The membranes were stained with Ponceau S staining solution (Sigma, P7170)
for five minutes and destained with deionized water. Results show the expression of
proteins with and without IPTG induction Figure 3.4.
β-galactosidase assays were performed by method explained elsewhere.
Results are below.
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Figure 3.5 1M-L-Trp inducible expression of the tnaA’-‘lacZ reporter gene in the
presence of the A246/R256 and T246/R256 RF2 variants.
It is observed here that the expression of tnaA’-‘lacZ reporter gene under the
RF2 variant T246/R256 is twice as much as expression under A246/R256 variant found
in B strains. This data suggests that the residue at the 246th position on RF2 domain III
plays a significant role in its function.
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Figure 3.6 1 M-L-Trp inducible expression of the tnaA’-‘lacZ reporter gene in the
presence of the A246/R256 and S246/T256 RF2 variants.
The data shows that the expression of downstream genes under the presence
of S246/T256 RF2 variant is twice as much as the A246/R256 variant.
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Figure 3.7 1M-L-Trp inducible expression of the tnaA’-‘lacZ reporter gene in the
presence of several RF2 variants.
In the Figure 3.7, the expression of reporter gene under the four RF2 variants
indicated are very similar to each other. Though changes were made at the same locations
246th and 256th positions not much difference is seen.

60

Figure 3.8 IPTG inducible expression of the lacZAY operon in the presence of several
RF2 variants.
In the Figure 3.8, the expression of the lacZAY gene under RF2 variants is
examined. This is because lacZ terminates with UAA that is recognized by RF2. Hence
the effects observed at the tnaA’-‘lacZ constructs could have been attributed wrongly to
the RF2 variants and instead could be due to RF2 variants functioning at the UAA stop
codon instead. The expression profile of lacZAY gene under RF2 variants is in contrast to
61

the expression observed with tnaA’-‘lacZ (Figure 3.5, Figure 3.6). We observe that
expression of lacZAY is lowest with the T246/R256 variant which is opposite to that
observed at the tnaA’-‘lacZ. Hence the observations at the tnaA’-‘lacZ are reflective of
the functioning of the RF2 variants.
3.4! Discussion
The interactions of RF2 and RF1 in the ribosome is similar in that they bind
with the induced fit mechanism. The structures are also largely similar. Alignments of the
residues surrounding the GGQ motif, which constitute the loop of domain III of both
proteins, show differences in just three amino acids positions (see Figure 3.1). These
amino acids are located in close proximity with nucleotide components of the PTC (see
Panel B, Figure 2.4). It is likely that changes in these non-conserved amino acid residues
(Panel A, marked with arrows) would alter the function of RF2 and therefore ribosome
arrest effected at the TGA stop codon. To explore these possible scenarios, the expression
of a reporter gene control by the regulatory region of tna was analyzed in the presence of
RF2 variants that contain changes in these three amino acid positions to study the effect
of changes surrounding the GGQ motif on translation termination inhibition. As
expected, The RF2 T246/R256 variant that is known to be less active than its counterpart
A246/R256 (Dinçbas-Renqvist, Engström et al. 2000), generated more expression of the
reporter gene than the RF2 A246 variant (see Figure 3.5). The RF2 variants A246/T256
and T246/T256 on the other hand show a very similar expression to the RF2 A246/R256
(see Figure 3.7). This suggests that both residues at the 256th and 246th positions play a
role in the function of RF2 and that perhaps changing both is necessary to observe a
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change in their function. The results also show that the S246/T256 variant reduces the
expression of the reporter gene in comparison to the A246/R256 variant (see Figure 3.6).
Arginine has a bulky side chain replacing it with a threonine perhaps allows better
accommodation of domain III at the PTC. Changing the Alanine to the Serine makes the
protein hydrophilic. Perhaps this feature facilitates the positioning of the water molecule
needed to terminate the ester bond between the peptide and the tRNA.
Since the lacZ gene is terminated by the UAA codon, the possibility exists
that the expression of the reporter gene observed in the tnaA’-‘lacZ constructs was due to
RF2 variants functioning at the lacZ gene as well as the tnaC stop codon. A strain
containing plasmids that expressed the RF2 variants and chromosomal lacZAY operon
that is not fused to tnaA (see Figure 3.8) was used to measure the production of βgalactosidase under IPTG induction. Results show that the S246/T256 RF2 and
T246/R256 variant shows highest level of expression while the A246/R256 RF2 variant
has lower expression. This is in contrast to the expression levels observed with the tnaA’‘lacZ constructs where the lowest expression was observed with the S246/T256 RF2
variant (see Figure 3.6). This could be because the serine at the 246th position and the
threonine at the 256th position are able to accommodate at the PTC and are able to
facilitate their termination function by positioning the GGQ motif.
Overall the data suggests that the ribosome arrest induced by L-Trp and the
TnaC nascent peptide benefits from the nature of the RF2 amino acid residues at the 246th
and 256th positions in domain III. Western blot analyses show that the plasmids express
release factors on IPTG induction which supersedes the chromosomal production
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indicating that the reporter gene expression observed is primarily due to those expressed
from the plasmids. The data also indicates that the overexpression of release factors from
the plasmids affects the reporter gene tnaA’-‘lacZ expression but does not affect the
expression of the lacZAY operon.
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CHAPTER 4

DETERMINATION OF GLOBAL PROTEIN EXPRESSION DURING
EXPRESSION OF RF2 PROTEIN VARIANTS

4.1! Introduction
The ribosome acts as a sensor in that it has the ability to detect changes in the
environment of the cell. In a study on translation termination, strains containing the RF2
variant containing a threonine at position 246 were found to have a longer ribosome
residence time at the UGA codon which resulted in differential expression of downstream
genes (Baggett, Zhang et al. 2017). An increase in GC content in genome is also
associated with a reciprocal cellular increase in the amount of RF2(Korkmaz, Holm et al.
2014). However this has not been seen with RF1(Povolotskaya, Kondrashov et al. 2012).
The expression of RF2 is also regulated in a much more complex manner than RF1.
Observations suggest that bacteria have shown preference to retain RF2 over RF1 (Tate,
Mansell et al. 1999). 70% of high expression genes in E. coli predominantly terminate
with the UAA codon which is terminated by both release factors (Wei, Wang et al. 2016).
The concentration of RF2 in E. coli is around six times more than RF1. Hence the effect
on the global gene expression could be more significant with changes in RF2. 2
dimensional gel electrophoresis coupled with mass spectrometry can be used to annotate
that proteins that were differentially expressed (VanBogelen, Olson et al. 1996). Since
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the changes around the GGQ motif of RF2 variants affect the expression of the tna
operon, it was hypothesized that genes with attenuation regulation would be affected.
Changes in global protein expression would be observed during expression of mutant
release factors. In this study, total protein solutions from similar amount of bacterial cells
containing a wild type or a mutant RF2 were resolved through two dimensional gel
electrophoresis using the method described (O'Farrell 1975). When the frequencies of
genes was studied, for every thousand high expression genes in E.coli around 777 genes
are terminated by UAA, 191 genes are terminated by UGA, 32 genes are terminated by
UAG and. For every thousand low expression genes, 573 genes are terminated by UAA,
107 genes are terminated by UAG and 32 genes are terminated by UGA(Wei, Wang et al.
2016).
4.2! Materials and Methods
Two dimensional gel electrophoresis was used to study the effect on global
protein expression with RF2 wild type and S246/T256 variants.
4.2.1! Preparation of sample
Strains SVS1144 with wild type variant A246 and mutant S236T256 were
subcultured in 10ml LB media supplemented with 100µg/ml Ampicillin , 50 µg/ml
Chloramphenicol and 0.1mM IPTG. They were grown to 0.6 OD. 50 µl 0.1% sodium
azide was added to the cell culture to stop growth. Cells were centrifuged at 4000 rpm
4˚C for 15 minutes. The pellet was dissolved in 150 µl 2D lysis buffer. Cells were kept in
an ice bath and sonicated for a minute at 1 second pulse 3 seconds lag using a 4C15
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sonicator (Fisher Scientific). Cell free extracts separated from cell debris by
centrifugation for 15 minutes at 12,000 rpm and transferred to a clean micro centrifuge
tube. Total proteins were precipitated with acetone in method described (Wessel and
Flügge 1984) and resuspended in 150 µl HyPure water and equal volume of 2x sample
buffer.
4.2.2! Preparation of first dimensional gel
The gel mixture was prepared with 9.2M urea, (0.01 %) 5-7 ampholyte, (0.04
%) 3-10 ampholyte, 4% acrylamide and 250 µl detergent solution (0.075g CHAPS, 25 µl
IGEPAL, 225 µl HyPure water). The contents were drawn into a capillary tube to prepare
the gel. 50 µl of total protein was mixed with 150 µl 2x sample buffer. 50 µl of sample
mixture was loaded on the gel. Isoelectric focusing was carried out by running the gel at
200V for 2 hours in a BIO-RAD PROTEAN II xi 2-D Cell, then 500V for the next two
hours and then at 785V for 18 hours.
4.2.3! Preparation of second dimensional gel
The tube gels were immersed in a 1X transfer buffer for 20 minutes. Each gel
was sealed on the top of a 12% agarose gel using 1% agarose. The gel was immersed in a
chamber containing 1X running buffer (4.5g Tris base, 21.6g Glycine, 1.5g SDS) and run
for 11 hours at 22 mA.
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4.2.4! Staining and visualization of the second dimensional gel
The tube gel was removed from the top of the second dimensional gel. The
second dimensional gels were stained with Coomassie Brilliant Blue staining solution
and scanned.
4.3! Results
The Figure 4.1 shows two dimensional gel electrophoresis results of cell free
extracts of SVS1144 with A246/R256 and S246/T256 variants of RF2. The proteins were
first separated by charges 3-10 by isoelectric focusing and then by molecular weight of
upto 200 kD. It was expected that tryptophanase expression would be lower in the
S246/T256 variant due to low tnaA’-‘lacZ expression observed in β-galactosidase
expression (see Figure 3.6). However this was not the case as Tryptophanase expression
is same in both strains (see ‘1’in Figure 4.1). Two other proteins with changes in
expression were located by their respective ‘spots’ on the gel (see ‘2’ arrows in Figure
4.1). The ‘2’ spots are not seen in 2D the S246/T256 (panel B, Figure 4.1) indicating
there is lower expression. However they are seen in A246/R256 (panel A, Figure 4.1)
indicating higher expression of these proteins.
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Figure 4.1 Two Dimensional gel electrophoresis of SVS1144 with pETDuet (RF2
A246/R256, panel A), RF2 (S246/T256, panel B). TnaA protein encircled and marked
with arrow ‘1’. Proteins with altered expression are marked with enclosed with square
marked with arrow ‘2’.
4.4! Discussion
Since the modification of residues in domain III of RF2 resulted in
differential expression of the tnaA’-‘lacZ fusion construct, it was hypothesized that global
protein expression would be affected. From the β-galactosidase activity assays, it was
expected that tryptophanase expression would be lower in the S246/T256 RF2 variant.
However, the expression of tryptophanase was higher in our findings. Interestingly, the
overall cellular protein content was higher in the S246/T256 variant than the A246/R256
wild type RF2 variant. Two proteins marked with a square and labeled ‘2’ in Figure 4.1
Panel A were not expressed in the strain S246/T256. Tryptophanase expression is not
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changed (see Figure 4.1, spot enclosed with circle marked ‘1’). Studies in our lab (data
not shown) were carried out in which β-galactosidase expression assays and expression
of tnaA was measured using indole test at specific points during bacterial growth. It was
found that the expression of tryptophanase in the strain with A246/R256 is twice higher
than the expression observed with the strain S246/T256 in the early log phase. In the mid
log phase it is equal. However during late log phase the expression of β-galactosidase and
indole production in the S246/T256 is 0.8 times more than A246/R256. Overall this data
suggests that though the overall growth is not affected (both strains took the same amount
of time to grow to an OD600 0.6 when the cell free extracts were prepared), differential
expression of proteins (in this case tryptophanase) occurs with release factors that have
changes around their GGQ motif. Analysis of proteins through mass spectrometry can be
used to determine the identity of the proteins to understand how gene expression is
regulated under these conditions.
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CHAPTER 5

DISCUSSION AND CONCLUSION

Bacterial metabolism enables adaption to the changes in the external
environment through the differential expression of genes. This differential expression of
genes is achieved by targeting factors with functional redundancy. Translation
termination uses factors with redundant activities and regulation of this process often
produces arrested ribosomes. Termination involves the recognition of three stop codons
by two release factors and hydrolysis of an ester bond. The tnaCAB operon is a model
system where arresting of ribosomes occurs under translation termination. Previous
studies revealed that during the expression of the tnaC gene of this operon, free Ltryptophan impede RF2-aided hydrolysis of the TnaC-peptidyl-tRNAPro. Our data has
revealed that during the synthesis of the regulatory TnaC nascent peptide, L-Trp
efficiently inhibits the action of one release factor over the other within the ribosome.
The focus of this project was to determine the structural features of release factors that
allows for differential inhibition of RF2 over RF1 due to the action of L-Trp and TnaC
and shed light on the mechanism of ribosomal arrest.
The in vivo studies of this project use the following constructs of tnaCAB
operon; tnaC-UAG-‘lacZ, tnaC-UGA-‘lacZ and tnaC-UAA-‘lacZ. The model is so
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constructed that translation termination arrest at the tnaC codon upstream results in
downstream expression of genes coding for tryptophanase and L-Trp permease would be
the result of translation termination arrest at tnaC. Since lacZ is fused to tnaA, translation
termination arrest at tnaC could be quantified with β-galactosidase activity assays. The
studies showed highest level of downstream gene expression when UGA codon is used
by E. coli, an intermediate level of expression observed with UAA and lowest level of
expression being observed with UAG (Konan and Yanofsky 1997). This led to the
hypothesis that there is differential inhibition of the release factors functioning at tnaC
stop codon. Studies have also shown that the combined action of TnaC and free L-Trp
molecules in the exit tunnel of the ribosome results in allosteric changes at the
PTC(Bischoff, Berninghausen et al. 2014, Martinez, Gordon et al. 2014). However, this
does not explain the inhibition observed only at the UGA codon suggesting that there
could also be structural features on the release factors that could be allow for differential
inhibition of release factors. To test these hypotheses, we designed in vitro and in vivo
experiments that would reveal the location of ribosomal arrest to determine if termination
arrest was due to the release factor and also to determine which structural features in the
release factor were being targeted by the combined action of TnaC and free L-Trp.

The action of TnaC and L-Trp inhibiting translation termination is more efficient with
RF2 than RF1
In vitro transcription translation coupled reactions were carried out and
toeprinting was used to locate arrested ribosomes on tnaC fragment. The enzyme reverse
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transcriptase synthesizes cDNA that is radiolabeled. Thus signals corresponding to
arrested ribosomes can be located to a specific position on the transcript. Using this
method, arrested ribosomes were located at the TGA stop codon under high (4mM L-Trp)
concentrations (Panel A, lane 1-2, Figure 2.4). However ribosomes did not arrest under
high (4mM L-Trp) (Panel B, lane 1-2, Figure 2.4). This serves as corroborative evidence
to a study where cleavage of peptidyl tRNA by RF2 occurred when excess L-Trp was
removed (Cruz-Vera, Rajagopal et al. 2005). To confirm that the signals observed were
of arrested ribosomes with RF2, experiments were carried out with RF1. RF1 was unable
to generate the observed signals (Figure 2.8, compare lane 2 and 3) as it decodes only
TAG. In vivo studies were used to complement the observations in vitro. β-galactosidase
activity assays were used to study the effect of maximum inducing L-Trp concentrations
on three strains with tnac constructs tnaC(UGA) tnaA’-‘lacZ (SVS1144), tnaC(UAG)
tnaA’-‘lacZ (VK800), tnaC(UAA) tnaA’-‘lacZ (PDG1158). Maximum induction (18 fold
greater expression) of the tnaA’-‘lacZ genes is observed with tnaC terminating with
UGA. However the expression at UGA was 4 fold lesser. This indicates that the function
of RF2 is affected in vivo under inducing levels of L-Trp.

The conjoint action of TnaC and L-Trp results in the inactivation of PTC which is not
compatible with RF2 function
The possibility of excess RF2 being able to cleave bonds between the peptide
and tRNA does come up. However our results show that increasing the concentrations of
RF2 does overcome translation termination arrest. (lanes 3-5, Figure A.6.1). Additionally,
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there is a shift in signals with intensity shifting from the 16th to the 17th position. This
suggests that RF2 binds at the A site but is unable to cleave the ester bond. However, this
is not the case for RF1 where arrest signals disappear with increase in concentrations
(lanes 8-10, Figure A.6.1).
We also used Tetracycline and were able to show that the intensity of the
band at the 17th nucleotide position decreases with its addition of Tetracycline (Figure
2.7, compare lane 2 and 6). This further indicates that RF2 occupies the A site of the
ribosome. The unchanged band intensity at the 17th nucleotide position on addition of
RF3 indicates the inability of this factor to relieve termination arrest under high L-Trp
conditions (Figure 2.7, lane 2 and lane 3).
SPF motif of RF2 was changed to PPF and it results in a signal at the 16th
nucleotide position similar to when RF1 is added showing an inability to decode the
UGA stop codon (Figure 2.9, lanes 3-4). When the GGQ motif is modified to GGG a
weaker signal was observed at the 17th nucleotide position (Figure 2.9, lane5). This
indicates that L-Trp and TnaC cause conformational changes that allow RF2 to bind at
the A site, however the hydrolytic function of the GGQ motif is impeded resulting in
termination arrest. The question of the residues targeted by the action of L-Trp and TnaC
remains.
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The 246th and 256th residues around the GGQ motif are targets of L-Trp and TnaC
mediated termination arrest
After translation termination arrest was isolated to the UGA stop codon, the
next target was to find the residues involved in translation termination arrest. A previous
study has shown that a K12 strain containing an RF2 with Alanine at the 246th position
terminates translation efficiently unlike RF2 with a threonine (Mora, Heurgué@Hamard et
al. 2003). Sequence analysis was carried out using Clustal Omega and we found two nonconserved residues around the GGQ motif. They are the 246th and 256th residues and are
located close to the PTC. Mutant strains with plasmids that would overexpress the
proteins were generated. We also generated a transductant with a mutation in the 246th
position. Under inducing concentrations of 1 methyl L-Trp, it was found that the
expression of lacZ was reduced by 7 fold. The expression pattern observed with RF1 in
the strain VK800 is very similar (Figure 2.2). The lacZ’ expression of the T246/R256
RF2 variant is higher than the wild type RF2 (Figure 3.5). Altogether, this suggests that
the 246th residue and the 256th residues are targeted by L-Trp and TnaC.

Modifications of residues at the tip of domain III of RF2 induce RF1 like behavior in vivo
Our results show that the functioning of S246/T256 RF2 variant at the tnaC
stop codon results in twice as less expression levels of tnaA’-‘lacZ when compared with
the A246/R256 RF2 variant functioning at the same codon. Serine is 246th amino acid
residue and Threonine is the 256th amino acid residue in domain III of RF1 whereas RF2
has an Alanine or Threonine at the 246th position and an Arginine at the 256th position.
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The reduced expression of reporter gene when the residues in RF2 were swapped with the
residues in RF1 shows that RF1 like behavior has been induced. This is because RF1 has
shown lower expression of reporter genes than RF2 (Figure 2.3). Additionally, the
A246/R256 RF2 B strain wild type variant showed three times lower expression of tnaA’‘lacZ compared to the expression observed with the T246/R256 RF2. Overall, our results
indicate that nature of the amino acid residues at both 246th and 256th positions are
significant in the functioning of RF2.
Model
Altogether our data indicates that under low L-Trp conditions, the synthesis
of the nascent peptide TnaC is unhindered and class I release factors are able to terminate
translation. However, under high L-Trp conditions, the binding of L-Trp and TnaC in the
exit tunnel of the ribosome results in conformational changes in the PTC. These
conformational changes are incompatible with the function of RF2. This is because the
structural features defined by residues at 256th and 246th do not allow RF2 to
accommodate at the PTC and to hydrolyze the resident TnaC-peptidyl-tRNA. It is likely
that the bulky side chain of the Arginine at the 256th position does not allow
accommodation at the PTC due to the conformational changes induced by L-Trp and
TnaC. It also possible that the Threonine at the 246th position being hydrophobic repels
the water molecule required for catalyzing the breaking of the ester bond between the
peptide and the tRNA. This results in the cascade of events that we know as
antitermination resulting in the consequent expression of the downstream genes.
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Figure 5.1 CryoEM model of RF2 interacting with the PTC nucleotides. The residues of
RF2 where mutations were made 246 and 256 are colored red. They interact closely with
residues A257, U2585 and A2602 which do not allow accommodation of the GGQ motif
of RF2 which results in translation termination arrest.
This model is an explanation of translation termination arrest observed at the
tnaC stop codon. Since structural features of RF2 that enable its inhibition at the stop
codon are now suggested, novel small molecules could be designed to target these
features of RF2 for therapeutic purposes. Genes that are regulated by translational control
of transcription could also be regulated by such mechanisms will be interesting to study.
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APPENDIX

Figure A.6.1 The effect of increasing concentrations of concentration of class I release
factors on ribosomal arrest. Diagram represents toeprinting products produced by
ribosomal arrest. Thiostreptone was used as a control to arrest ribosomes at initiation.
Arrows show the location of arrested ribosomes. The effect of increasing levels (0.1, 0.5,
and 2.5 µM) of RF1/RF3 (left panel) or RF2/RF3 (right panel) on accumulation of
arrested ribosomes at tnaC with TAG/TGA codons was examined. Arrows indicate
cDNA fragments that terminate at arrested ribosomes. Arrows indicate cDNA products
terminating at the location of arrested ribosomes. The products were resolved on 6%
polyacrylamide/8M Urea gels
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Figure A.6.2 Two Dimensional gel electrophoresis of SVS1144 with pETDuet (RF2
A246/R256, panel A), RF2 (S246/T256, panel B). TnaA protein encircled and marked
with arrow ‘1’.
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